Pulmonary alveolar proteinosis (PAP) can present at any age and the likely diagnosis varies across the developmental course; for example, macrophage blockade syndrome due to silicosis or lymphoma, is never seen in children, and autoimmune PAP, although reported in older children \[[@C1]\], is much commoner in adults. This article will focus on paediatric aspects of PAP and will only briefly draw on adult studies to inform therapeutic strategies where such studies in children are lacking.

Definition {#s24}
==========

PAP is conventionally classified into two main types, namely congenital and acquired. The acquired form is subdivided into autoimmune and secondary forms related to an underlying disorder. This classification is far from satisfactory in children, in whom the autoimmune form is very rare, and genetic causes predominate, together with cases secondary to congenital and acquired immunodeficiency, in particular. A proposed classification for children is given in [table 1](#TB1){ref-type="table"}. Both the adult and our proposed paediatric classifications show overlap between categories. PAP is an umbrella term; a syndrome, not a diagnosis. In many cases, PAP is suspected based on a compatible clinical scenario and typical imaging (see later) and histological confirmation is not sought. Determining the child has PAP is the start of a diagnostic journey (see later) towards defining which of ∼100 conditions is the root cause. PAP should be considered in the differential diagnosis of children\'s interstitial lung disease (chILD) and in systemic diseases for which PAP may be a comorbidity; in the latter case, irrespective of whether the child has respiratory symptoms. It should not be forgotten that homogeneous, periodic acid--Schiff (PAS)-positive material filling alveoli may have different components with different underlying causes. Lipidomic studies have demonstrated differences in the composition of the material filling the alveolar spaces depending on the underlying cause of PAP \[[@C2]\], which likely has implications for different treatment responses, including to whole-lung lavage (see later), which is dramatically successful only in some forms of PAP.

###### 

Proposed classification of paediatric PAP

  **Category of disease**                          **Exemplar conditions**
  ------------------------------------------------ ------------------------------------------------------
  **Disorders of surfactant protein metabolism**   *SFTPB*, *STFPC*, *ABCA3* and *TTF1* mutations
  **GM-CSF receptor gene mutations**               α- and β-chain mutations
  **Other genetic disorders**                      *MARS*, *STING, COPA* and *GATA2* mutations
  **Metabolic disease**                            Lysinuric protein intolerance, Niemann--Pick disease
  **Associated with immune deficiency**            
   Congenital                                      SCID, ADA deficiency
   Acquired                                        HIV, leukaemia
  **Associated with connective tissue disease**    Idiopathic juvenile chronic arthritis
  **Miscellaneous**                                Congenital heart disease
  **Diseases seen in adults**                      
   Exclusively in adults                           Macrophage blockade, lymphoma
   Mainly in adults                                Autoimmune

GM-CSF: granulocyte--macrophage colony-stimulating factor; *STFPB*: surfactant protein B; *STFPC*: surfactant protein C; *ABCA3*: ATP-binding cassette 3; *TTF1*: thyroid transcription factor 1; *MARS*: methionyl transfer RNA synthetase; *STING*: stimulator of interferon; *COPA*: non-clathrin-coated vesicular coat protein A; *GATA2*: GATA-binding protein 2; SCID: severe combined immunodeficiency; ADA: adenosine deaminase.

Pathology {#s4}
=========

The hallmark pathology of PAP is alveolar filling by PAS-positive endogenous surfactant, which may be normal or abnormal. Cholesterol clefts, and sometimes intraalveolar type 2 cells, foamy macrophages and neutrophils, may be seen \[[@C3]\]. Changes in the alveolar wall vary with underlying pathology. There are rare cases reported of variant PAP, characterised by abundant degenerating macrophages, only weak PAS staining of the intra-alveolar material and only scanty lamellar bodies. Imaging and bronchoalveolar lavage (BAL) findings were not typical of classical PAP and whole-lung lavage was not helpful, but the disease was corticosteroid responsive \[[@C4]\]. The underlying endotype could not be determined. In general, exogenous lipoid pneumonia is suspected if PAS material is not seen within macrophages; genetic causes are favoured by staining both within and outside the alveolar macrophages.

Surfactant biology {#s5}
==================

Surfactant is a complex mixture of lipids, mainly phosphatidylcholine, and proteins, the latter accounting for ∼10% by weight of surfactant. There are four surfactant proteins (SP-Ato -D), of which two (SP-A and SP-D) are members of the collectin family, together with mannose-binding lectin, and are part of the innate immune system. Interestingly, a kindred with interstitial lung disease related to an SP-A mutation, including an infant, has been described \[[@C5]\], so this tidy classification is flawed. However, SP-A and SP-D have no surface tension properties, and will not be considered further in this review. SP-B and SP-C are surface active, and it is this property that contributes importantly to the stabilisation of the alveoli, and prevents the operation of Laplace\'s law, whereby smaller alveoli would empty into the larger alveoli and the lungs would collapse into a huge bubble.

Surfactant can be a cause of alveolar filling due to overproduction of abnormal surfactant, failure of clearance or both. The most important transcription factor for SP-B and SP-C is thyroid transcription factor 1 (TTF1 or NKX2.1). SP-B and SP-C undergo complex post-transcriptional processing and among an array of pathways, ATP-binding cassette protein 3 (ABCA3) is crucial; thus conventionally, the four SP genes are SP-B (*SFTPB*), SP-C (*SFTPC*), *TTF1* (which may have extrapulmonary manifestations, namely brain or thyroid disease) and *ABCA3* ([figure 1](#F1){ref-type="fig"}). It is speculative but given that phenotypic primary ciliary dyskinesia (PCD) has been described with normal (*i.e.* no mutations) ciliary structural genes but mutations in ciliary assembly genes \[[@C6]\], that cases of PAP with failure of synthesis of mature SP-B or SP-C may be found in the future related to genes coding for enzymes important in post-translational modification of SP pre-proteins \[[@C7], [@C8]\].

![Pathways of surfactant processing. TTF1 is the transcription factor regulating SP-B and SP-C synthesis; ABCA3 is crucial for post-translational, intracellular surfactant processing; granulocyte--macrophage colony-stimulating factor (GM-CSF) regulates surfactant catabolism. The mucociliary escalator is not clinically important in surfactant clearance.](EDU-0001-2020.01){#F1}

Surfactant clearance is by two main mechanisms. The most important is by alveolar macrophages, *via* the granulocyte--macrophage colony-stimulating factor (GM-CSF) receptor. This receptor is a heterodimer of α- and β- chains, the α-chain (encoded by *CSF2RA*) being specific for this receptor, the β-chain (encoded by *CSF2RB*) also being found in the interleukin (IL)-3 and IL-5 receptors, which signal through JAK/STAT pathways \[[@C9]\]. The second clearance mechanism is the mucociliary escalator. This is of minor importance, since loss of normal mucociliary clearance (MCC) in PCD does not cause PAP and MCC cannot compensate for mutations in the GM-CSF receptor.

Epidemiology {#s6}
============

PAP is a very rare syndrome and there are insufficient good epidemiological data to give an accurate estimate of prevalence. Autoimmune PAP is said to have an incidence of fewer than five in 100 000 in Japan \[[@C10]\], which is similar to the prevalence of all causes of chILD \[[@C11]\]. A USA study estimated the overall prevalence at around seven in 1 000 000 but there were fewer than two in 1 000 000 under age 18 years \[[@C12]\]. Overall, \>90% had autoimmune PAP but this is rare in children. Hence, the prevalence of all paediatric PAP is likely well under one in 1 000 000 and that of the individual aetiologies even lower. Therefore, such children should only be investigated and managed in specialist centres. There is no rigorous evidence base for treatment of children with PAP.

Aetiology {#s7}
=========

There are numerous causes of paediatric PAP and they generally cannot be distinguished without performing specific diagnostic tests (see later). They may conveniently be thought of as being due to: genetic diseases with no extrapulmonary manifestation (there is some overlap with the next category)systemic genetic diseasescongenital and acquired immunodeficiencyconnective tissue diseasemiscellaneous causes PAP has been linked with infections, including viral (cytomegalovirus, Epstein--Barr virus and HIV), mycobacterial (*Mycobacterium tuberculosis* and atypical *mycobacteria*) and others (*Pneumocystis jirovecii* and *Nocardia*) \[[@C13]\], but it is difficult to be sure that the infection was the cause rather than the consequence of PAP itself or the underlying cause of the PAP; and of course, a chest radiograph taken at the time of a coincident intercurrent infection may lead to the diagnosis of PAP.

Disorders of SP metabolism {#s7a}
--------------------------

It should be noted that alveolar growth disorders are also part of SP mutations and the initial chILD classifications were too rigid; overlaps are commoner than previously thought \[[@C14]\]. Furthermore, SP mutations cause many different histological appearances and these may change over time within an individual \[[@C15]\]. So, for example, PAP may evolve into a more densely fibrotic chILD. *SFTPB* and *ABCA3* mutations are the commonest causes of PAP; *SFTPC* and *TTF1* only rarely present with this histology.

### Surfactant protein B {#s7a1}

The 10-kb *SFTPB* gene is located on chromosome 2p11.2. Of the 11 exons in the gene, only exons six and seven encode the mature protein. Post-transcriptional modification leads to the production of a 79 amino acid protein. Inheritance is autosomal recessive and the commonest mutation is a frameshift in exon 4, 121ins2, resulting in premature termination of transcription. More than 40 other mutations are described \[[@C16]\] but a mutation cannot be identified in ∼30% cases proven by immunostaining to be SP-B deficient. SP-B mutations are almost invariably fatal in early life unless the baby receives a transplant but a few rare cases with a milder phenotype survive to school age \[[@C17]\].

### Surfactant protein C {#s7a2}

The *SFTPC* gene is a 3.5-kp gene with six exons (exon 2 coding for the mature protein) located on chromosome 8p21.3 \[[@C18]\]. After post-transcriptional processing, a 35 amino acid peptide is produced. More than40 different mutations have been identified, one-third being p.Ile173Thre. The mechanism of disease is gain of function likely leading to endoplasmic reticulum stress; inheritance is autosomal dominant and penetrance is variable, with some presenting with usual interstitial pneumonia in late adult life \[[@C19]\]. A not uncommon paediatric presentation is respiratory syncytial virus bronchiolitis that fails to resolve \[[@C20]\]. Around half of cases are due to *de novo* mutations.

### ABCA3 {#s7a3}

The ATP-binding cassette family includes cystic fibrosis transmembrane regulator (*CFTR* or *ABCA7*). *ABCA3* is a large gene, containing 33 exons, and is located on chromosome 16p13.3. Exons 14--17 encode nucleotide-binding domain (NBD)1 and exons 27--30, NBD2. More than200 mutations have been reported \[[@C21]\], inheritance is autosomal recessive and age at presentation variable. Patients with two severe mutations (null or loss of function) present early and die or are transplanted within a year of birth \[[@C22]\]. *ABCA3* mutations may be the commonest inherited SP abnormality \[[@C23]\].

### TTF1 {#s7a4}

This small gene (three exons) is located on chromosome 14q13.3 and encodes a transcription factor of 371--378 amino acids that controls transcription of multiple genes for proteins expressed in the lung, brain and thyroid, resulting in "brain--lung--thyroid syndrome". More than50 mutations have been described, inheritance is autosomal dominant and penetrance in all three organs affected is variable. About half of the cases arise *de novo* \[[@C24]\].

GM-CSF receptor mutations {#s7b}
-------------------------

Typically, GM-CSF receptor mutations do not present in the newborn period, although there are exceptions described \[[@C25]\]. The GM-CSF receptor α-subunit is encoded in a gene located in the pseudoautosomal region 1 of the X and Y chromosomes (Xp22.33 and Yp11.2), and the β-subunit in chromosome 22q12.3. Pulmonary disease in GM-CSF receptor α-subunit (*CSF2RA*) mutations may be silent or symptomatic \[[@C26]\] and, unlike in SP mutations, the interstitial space tends not to be involved. The course of respiratory disease cannot be predicted from the mutation, even between affected siblings. Multiple gene defects are described, including missense, duplication, frameshift and nonsense mutations; exon and gene deletion; and cryptic alternative splicing \[[@C27]\]. It has been suggested that the disease may be precipitated by respiratory infection, including *Mycoplasma pneumoniae* \[[@C28]\]. There may be poor growth solely as the result of respiratory insufficiency \[[@C29]\]. *CSF2RA* mutations may also be associated with systemic disease if it is part of a larger deletion in the Xp22.33 region \[[@C30]\]. We have seen two such cases, one associated with short stature and learning difficulties. Extrapulmonary manifestations will depend on which other genes are deleted; in one case, immunodeficiency was a feature \[[@C29]\], emphasising the overlaps in classifications. Other complex combinations of deletions have been described \[[@C31]\]. *CSF2RA* mutations are also seen in association with Turner\'s syndrome (46, X0) \[[@C32]\], thus requiring a *CSF2RA* mutation only on the one X chromosome. Evidence mainly in *CSF2RA* mutation disease is that whole-lung lavage (see later) is an effective treatment for GM-CSF receptor mutations and the disease may remit unpredictably after many years of treatment \[[@C26]\]. There is emerging evidence that homozygous (but not heterozygous) mutations in the GM-CSF receptor β-subunit (*CSF2RB*) gene can also cause hereditary PAP \[[@C27]\]; in our clinic, a patient with novel homozygous *CSF2RB* mutations has required whole-lung lavage repeatedly from infancy. Some such patients may have sufficient residual function to benefit from inhaled GM-CSF.

Other genetic disorders causing PAP {#s7c}
-----------------------------------

Genetic disorders causing PAP presenting only in adult life (*e.g. TERT* and *SCL34A2*) will not be discussed.

### Methionyl transfer RNA synthetase {#s7c1}

The methionyl transfer RNA synthetase (*MARS*) gene is a large gene (21 exons) located on chromosome 12q13.3. Only ∼10 mutations have been described and most cases have been found on La Reunion Island, with the families largely carrying the same mutation \[[@C33]--[@C36]\]. The link between the genetic abnormality and PAP is not understood. Onset is most commonly in the first 6 months of life and there is concomitant liver disease progressing to cirrhosis in 20%. Whole-lung lavage is, at best, of transient benefit and, despite this therapy, most die of progressive respiratory failure \[[@C36]\].

### Stimulator of interferon {#s7c2}

Stimulator of interferon (STING), or transmembrane protein (TMEM)173, plays an important role in innate immunity and is a stimulator of interferon (IFN) genes \[[@C37], [@C38]\]. It is encoded by *TMEM173*, located on chromosome 5q31.2. Inheritance may be autosomal dominant with variable penetrance but is usually sporadic; PAP is a rare manifestation and the mechanism is unexplained. The pathophysiology is that gain of function mutations upregulate IFN secretion, and cause autoinflammatory and autoimmune disorders, and SAVI (STING-associated vasculopathy of infancy, also seen in older patients). Importantly, there are specific treatments, tofacitinib and ruxolitinib, both JAK inhibitors, but it is not clear that these are effective in PAP from the small amount of published data \[[@C37]\]. However, a trial of treatment in refractory cases is worth considering.

### Non-clathrin-coated vesicular coat protein {#s7c3}

The non-clathrin-coated vesicular coat protein (*COPA*) gene is located on chromosome 1q23.2; mutations are dominantly inherited with variable disease penetrance \[[@C18]\]. All cases have one of five missense mutations in exons 8--9, encoding the WD40 domain \[[@C39]\]. Lung disease includes fibrosis and haemorrhage, and rarely, PAP; and there may be associated renal disease and arthritis. There is an increased expression of type 1 IFN-stimulated genes. Based on this, there is a report of successful treatment with the specific JAK1/2 inhibitor ruxolitinib in a child with COPA syndrome and recurrent severe pulmonary haemorrhage \[[@C40]\].

### GATA-binding protein 2 {#s7c4}

The gene for this zinc finger haematopoietic transcription factor (*GATA2*) is located on chromosome 3q21.3; inheritance is autosomal dominant \[[@C41]--[@C43]\]. Manifestations include haematological malignancies, infections including disseminated mycobacterial and invasive fungal disease, skin abnormalities, other neoplastic disease, vascular and lymphatic disease, hypothyroidism, and lung disease, of which PAP comprises 18%. PAP does not respond to exogenous GM-CSF but improvement with stem cell transplantation has been reported. Despite the profound reduction in circulating monocytes, alveolar macrophage numbers are not affected. PAP is strongly associated with immunodeficiency and myelodysplastic syndrome but the exact pathophysiology could not be determined.

Metabolic disease {#s7d}
-----------------

### Lysinuric protein intolerance {#s7d1}

Solute carrier family 7 member 7 (*SLC7A7*), the gene causing lysinuric protein intolerance (LPI), is located on chromosome 14q1.2 and inheritance is autosomal recessive. Presentation may be with acute hyperammonaemic coma, or chronically with faltering growth and hypotonia. Complications of this multisystem disease include renal, haematological, bone and gastrointestinal manifestations, but lung disease, present in ∼70% of patients, is the major determinant of prognosis. Initially, lung disease may be asymptomatic. It can occur at any stage of the disease with variable manifestations and clinical course, ranging from acute respiratory failure at presentation to a chronic, indolent trajectory \[[@C44], [@C45]\]. PAP and fibrosis are the commonest pathologies, and treatment with whole-lung lavage and corticosteroids are ineffective. There is no evidence of involvement of the GM-CSF pathway in pathogenesis and the pathophysiology is unknown. Pulmonary LPI recurs in the transplanted lung \[[@C46]\].

### Niemann--Pick disease {#s7d2}

There are three types of Niemann--Pick disease (NPD): NPD-a, NPD-b (most common) and NPD-c; all can be complicated by lung disease \[[@C47]\]. NPD-a and NPD-b are characterised by sphingomyelin accumulation, and NPD-c by defective intracellular trafficking of cholesterol. The prevalence is estimated as one in 150 000. It is a fatal, autosomal recessive disease due. Type a is dueto mutations in *SPMD1* (11p15.4)and type b is due to mutations in *SMPD2* (6q21). Type cis due to mutations in one of two genes, *NPC1* (18q11.2, 95%) or *NPC2* (14q24.3, 5%) \[[@C48], [@C49]\]. There are varying degrees of hepatosplenomegaly, and neurological and pulmonary disease, this last predominantly in *NPC2* mutations. Aspiration pneumonia may contribute to the clinical picture. Sea blue histiocytes in BAL may lead to the diagnosis. Miglustat, which may benefit neurological disease, is not useful for pulmonary disease \[[@C50]\], and nor is whole lung lavage \[[@C49]\], but bone marrow transplantation may be helpful \[[@C51]\].

PAP associated with congenital and acquired immunodeficiency {#s7e}
------------------------------------------------------------

Numerous immunodeficiencies have been reported to be complicated by PAP, which can also be the first presentation of an immune problem. This underscores the need to make PAP of unknown cause a trigger for immunological review. Congenital immunodeficiencies include agammaglobulinaemia \[[@C52]\], severe combined immunodeficiency secondary to adenosine deaminase deficiency \[[@C53]\], secondary haemophagocytic lymphohistiocytosis \[[@C54]\], infantile hypogammaglobulinaemia with heterozygous *OAS1* mutations \[[@C55]\], hyper-IgM syndrome \[[@C56], [@C57]\], and sporadic and autosomal dominant monocytopenia \[[@C58]\]. Bone marrow or stem cell transplant may be curative for some immunodeficiencies and specialist advice should always be sought \[[@C41]\]. There is a long list of acquired immunodeficiencies complicated by PAP, including HIV (see later) \[[@C59]\].

Leukaemia is the commonest malignancy to be complicated by PAP, albeit rarely. PAP is described in acute lymphoblastic leukaemia, acute and chronic myeloid leukaemia, and myelodysplastic syndromes. This is attributable to chemotherapy- and disease-induced macrophage ablation and neutropenia; when the latter reverses and the underlying disease is in remission, in some cases, PAP improves \[[@C60]--[@C62]\]. Another mechanism is alveolar infiltration by leukaemic blast cells that lack functional GM-CSF signalling due to the absence of either or both the α- and β-chains \[[@C62]\]. Occurrence after bone marrow transplantation for leukaemia in remission and stem cell transplantation has been described. In one study, there was an apparent increased risk in children with Down syndrome and leukaemia \[[@C63]\]. PAP is an important differential diagnosis of respiratory distress in children with leukaemia; one study \[[@C61]\] suggested a prevalence of 5.3% in all haematological malignancies and up to 10% with myeloid diseases, at least in adults. A case report suggests that elevated serum KL-6 is a biomarker for this complication \[[@C64]\] but further confirmatory studies are needed. There may be concomitant infection (*e.g.* cytomegalovirus) \[[@C65]\]; whether this is a cause or consequence of PAP, or coincidence, is unknown. Whole-lung lavage does not seem to be efficacious in PAP complicating haematological malignancy and supportive treatment while, hopefully, the underlying malignancy goes into remission is the best that can be offered.

Connective tissue disease {#s7f}
-------------------------

There are numerous pulmonary complications of the connective tissue diseases and their treatment; here, we solely focus on PAP, which is an extremely rare complication with a variable clinical picture in this context. Most data are from the adult literature. Two adults known to have rheumatoid arthritis, one who was being treated with methotrexate, were reported to have autoimmune (GM-CSF autoantibody-positive) PAP \[[@C66]\]. There is a single case report of an adult with rheumatoid treated with leflunomide without GM-CSF autoantibodies, which responded to whole-lung lavage and discontinuation of the medication.

There has been increasing recognition of PAP and other chILD, including pulmonary fibrosis in idiopathic juvenile chronic arthritis (SJIA). Two series, together comprising 86 children, highlighted that an ill-defined form of PAP was a feature of this serious complication, which carried a mortality of \>30% \[[@C67]--[@C69]\]. A study of 18 children reported on this poorly characterised lung disease \[[@C70]\]. In most cases, evidence of a major lung disease post-dated the rheumatological diagnosis. The radiology was of ground-glass opacities, subpleural reticulation, interlobular septal thickening and, an atypical feature for PAP, lymphadenopathy. There was no evidence of serum GM-CSF autoantibodies. Those with lung disease tended to have been diagnosed with SJIA earlier, had more episodes of macrophage activation syndrome, more adverse reactions to biologics and higher serum 1L-18, suggesting a more profound underlying immune dysregulation. Lung biopsy showed patchy but extensive lymphoplasmacytic infiltrates and within the alveolar spaces, a mixed picture of typical PAP and endogenous lipoid pneumonia. Notably, BAL rarely demonstrated proteinaceous material or lipid-laden macrophages, but instead had elevated IL-18 and the IFN-γ induced cytokines CXCL9 and CXCL10. Lung tissue transcriptomics suggested upregulation of type II IFN and T-cell activation networks. PAP may also complicate juvenile dermatomyositis \[[@C71]\]. A paediatric rheumatology consultation is advisable if there are any features suggestive of connective tissue disease.

Miscellaneous causes of PAP {#s7g}
---------------------------

PAP has been described in association with congenital heart disease \[[@C72]\]. Rarely, no cause is found \[[@C73]\].

PAP subtypes seen mainly in adults {#s7h}
----------------------------------

Autoimmune PAP is far commoner in adults but there are a few case reports in children. The disease is caused by IgG autoantibodies to GM-CSF; the underlying cause is unknown and there are no known HLA associations. Treatment is based on adult approaches (see later).

Clinical presentation {#s8}
=====================

Presentation in the newborn period is with respiratory distress proceeding rapidly to intubation and mechanical ventilation, usually in a term baby, with remorseless deterioration. SP gene mutations should be considered alongside other commoner causes such as congenital infection and aspiration syndromes, and rarer conditions such as alveolar capillary dysplasia with misaligned pulmonary veins and related conditions \[[@C74], [@C75]\]. In older children, presentation is more usually with cough, progressive breathlessness and respiratory distress, but first presentation may as a child who has been intubated for type I respiratory failure (carbon dioxide elimination is rarely an issue). In a few children with PAP, particularly with GM-CSF receptor mutations, a more systemic presentation is seen, with fever, weight loss, chest pain and fatigue. In both cases, there may be signs of respiratory distress and increased work of breathing, and digital clubbing. There are usually no auscultatory signs. Evidence of systemic disease, including infections pointing to immunodeficiency, and rheumatological manifestations, should be sought.

Investigations {#s9}
==============

These should be considered under two headings: investigations to determine whether PAP is the diagnosisinvestigations to determine the underlying specific diagnosis As with all chILD, the severity of the clinical situation will determine the tempo of investigation.

Is PAP the underlying cause of the symptoms? {#s9a}
--------------------------------------------

The chest radiograph and pulmonary function tests (if feasible) are nonspecific. The classical high-resolution computed tomography (HRCT) appearances are of (usually diffuse, sometimes patchy) ground-glass shadowing with thickening of the secondary interlobular septa ("cobblestoning"), and if present, should lead to the pursuit of specific underlying causes ([figure 2](#F2){ref-type="fig"}). These may already be known if the context is a child with a known systemic disease (*e.g.* NPD). Of note, the CT appearances are very specific but PAP may manifest other radiological appearances. In addition to classic cobblestoning, there may be intralobular lines, thickened fissures, micronodules, cystic lesions, consolidation and hyperinflation \[[@C76]\]. These last two are especially found in young children. The distribution is symmetrical, and there is no correlation between clinical and radiological severity. Hence, if clinical suspicion is high, further invasive investigation is mandatory even if CT appearances are atypical, not least because some forms of PAP have specific treatments or genetic implications for the wider family.

![a) Typical computed tomography appearances of PAP in a teenage girl. There is septal thickening outlining the secondary pulmonary lobules on a ground-glass background, giving the typical cobblestoning appearance. The underlying diagnosis was autoimmune PAP. b) Same child after whole-lung lavage(Cliff Morgan, Royal Brompton Hospital, London, UK). There is extensive clearing of the alveolar filling.](EDU-0001-2020.02){#F2}

Lung function tests are usually only available in older children and are nonspecific. There is usually, but not invariably, restrictive physiology with reduced forced expiratory volume in 1 s (FEV~1~) and forced vital capacity (FVC) (but normal or high FEV~1~/FVC ratio), and low lung volumes and carbon monoxide transfer. Hypoxaemia is present initially on exercise and, later in the course of the disease, also at rest.

A chILD-EU investigation flow chart has been published and emphasises the need to avoid multiple anaesthetics during the diagnostic journey \[[@C77]\]. If the child is stable, the results of at least some genetic tests can be awaited before proceeding to invasive testing. BAL can confirm the diagnosis of PAP and, in some cases, determine the underlying cause. Furthermore, since not all cases of PAP respond to lung lavage (see earlier), a limited BAL, specifically whether a milky fluid is returned, may suggest whether attempting therapeutic whole-lung lavage is likely to be beneficial. If an immunodeficiency and an opportunistic infection are suspected, early bronchoscopy is certainly indicated. Otherwise, if the diagnosis is in doubt, a lung biopsy should be performed. The biopsy should be carefully analysed \[[@C78]\] because, for example, electron microscopy of lamellar bodies may point to a diagnosis of specific SP mutations. It is important to distinguish PAP from exogenous and other lipoid pneumonias, for example, due to aspiration of oily laxatives \[[@C79]\]. Finally, as in every respiratory disease that is atypical, consider whether it could be the result of vaping \[[@C80]\], which has been described as causing lipoid pneumonia \[[@C81]--[@C84]\].

Investigations to determine the underlying diagnosis {#s9b}
----------------------------------------------------

These will be determined by the overall clinical picture. What is essential is to store DNA for future genetic analyses. First-wave genetic diagnostics in isolated PAP will be for SP and GM-CSF receptor mutations. Depending on the setting, assessment by paediatric immunology, rheumatology and metabolic medicine may be appropriate.

Differential diagnosis {#s10}
======================

The differential diagnosis of chILD presenting in the newborn period \[[@C74]\] includes the alveolar capillary dysplasia spectrum and genetic testing, especially for *FOXF1* and *TBX4*, should be performed \[[@C75]\]. The differential diagnosis of later presentations encompasses almost all paediatric respirology, and in particular the other causes of chILD. Pathologically, it is important to differentiate SP-containing lipid, as in PAP, from other causes of alveolar lipid filling. Radiologically, a small study showed that PAP and exogenous lipoid pneumonia could exhibit the classic "crazy paving" appearance, but this was more extensive and severe in PAP (n=8) \[[@C85]\]. Endogenous lipoid pneumonia (n=6) was more often characterised by consolidation and ill-defined centrilobular nodules, the latter not seen in PAP, although the small size of the study militates caution. Rarely, an initial diagnosis of endogenous lipoid pneumonia may precede that of PAP \[[@C74]\].

Complications of PAP {#s11}
====================

The major complication is death from respiratory failure due to intractable alveolar filling. Opportunistic infections are a well described complication. There are no purely paediatric large series but a review article summarising data in 75 patients across the developmental spectrum \[[@C13]\] reported that 40% presented with infection and PAP was the initial diagnosis in only one-third; in the other 27%, the diagnoses were concurrent. PAP was diagnosed only at autopsy in 17 patients. Organisms were *Nocardia* (43%), *mycobacteria* (37%, both *M.tuberculosis* and atypical *mycobacteria*) and fungal (20%, including *Aspergillus* species, *Histoplasma capsulatum*, *Cryptococcus* and zygomycetes). Nearly one-third also had an extrapulmonary infection. In such series, it is always difficult to tease out whether infection is due to PAP or both are related to underlying immunosuppression, although most in this series were not immunosuppressed. The prognosis was overall poor, with \>50% dying.

Treatment options {#s12}
=================

There are no randomised controlled trials in paediatric PAP. Therapeutic options are determined by the underlying aetiology and degree of symptoms, with the goal of improving quality of life. Newer experimental techniques are beginning to focus on treating the underlying defect, for examplem bone marrow transplantation for hereditary PAP \[[@C85]\], with the aim of long-term cure rather than symptom control alone.

Whole-lung lavage {#s12a}
-----------------

For most paediatric patients with PAP, the current standard of care is whole-lung lavage, which removes accumulated surfactant through instillation and removal of warmed saline from the lungs \[[@C86]\]. The details are illustrated in [figure3](#F3){ref-type="fig"}. In older children, the procedure is relatively straightforward as large volumes (up to 40 L per lung in cyclical aliquots) can be instilled into one lung under general anaesthesia *via* a double-lumen endotracheal tube that simultaneously allows single-lung ventilation of the contralateral side. As each instilled aliquot of saline is drained by gravity, there is progressive clearing of protein and, after a 60--90-min break, the opposite lung can be lavaged in the same way. In smaller children in whom a double-lumen endotracheal tube cannot be passed (the smallest commercially available size is 26 French), the procedure is more difficult and necessitates use of a bronchial blocker to isolate the lung that is to be lavaged, whilst the contralateral side is ventilated with a conventional endotracheal tube \[[@C87]\]. The volumes that can be instilled in this situation are limited by the small diameter of the airway and the blocker, and, in our centre, we maintain constant bronchoscopic visualisation to ensure that the blocker does not herniate upwards leading to catastrophic filling of the contralateral lung with saline. Experienced anaesthetic support is essential; techniques such as three-dimensional printing of the airway from CT scans can provide vital information ahead of the procedure about viable ventilation strategies \[[@C88]\]. Due to the technical difficulties, younger children may need sequential lavages to maximise benefit, which may lead to complications such as airway stenosis. We now use a semiautomated technique of instilling and removing saline using a perfusion circuit; this allows pressure to be monitored as the lungs fill, and is less likely to result in movement of the bronchial blocker as manual instillation and removal of saline using syringes is no longer necessary. An alternative approach is to simultaneously lavage both lungs whilst the child is on cardiopulmonary bypass but this has potential for significant complications \[[@C89]\].

![Whole-lung lavage in a 2-year old girl with PAP due to a homozygous *CSR2RB* mutation. a) Chest radiograph prior to lavage. There is diffuse, bilateral nonspecific shadowing. The appearances are not specific for PAP. b) Three-dimensional model of trachea with two endotracheal tubes *in situ*. The model, printed from HRCT images, allows pre-procedure planning of ventilation, bronchial blocker and lavage strategy in patients in whom a double-lumen tube cannot be passed. c) Schematic diagram of the semiautomated circuit used for whole-lung lavage in smaller patients. d) Bronchoscopic view of the bronchial blocker in the left main bronchus, prior to instilling lavage fluid into the left lung. e) Whole-lung lavage. The bronchoscopist is carefully checking the position of the bronchial blocker, while a second operator is, in this case, using a syringe to perform the lavage. Note the creamy-coloured fluid in the aspirating syringe, typical of PAP. f) Serial aliquots of lavage fluid. Note that as the lavage has proceeded, the fluid becomes clearer. g) Chest radiograph following right sided lung lavage in the same child as in part a. There is substantial clearing of the changes in the right middle and lower lobes; the right upper lobe could not be lavaged because it was impossible to obtain a stable occlusion position in the right main bronchus and the bronchial blocker was placed in the right bronchus intermedius.](EDU-0001-2020.03){#F3}

Whole-lung lavage improves symptoms and oxygenation in ∼95% of patients with PAP \[[@C90]\] (itis not efficacious in secondary PAP complicating haematological malignancies, for example \[[@C91]\]). Concomitant manual chest percussion during whole-lung lavage may increase therapeutic benefit \[[@C92]\] but there is no consensus for use in children. Complications include hydrothorax, pneumothorax, intraoperative hypoxia, fluid leak into the contralateral lung \[[@C88]\] and, potentially, death. Disease progression is difficult to predict; some children experience prolonged improvement in symptoms following a single procedure whilst others require whole-lung lavage repeated multiple times over many years, with differences in requirement seen even when underlying aetiologies are similar (for example, GM-CSF receptor mutations). Wide disparities in remission rates are reported in the literature (≤10% to 70%) and it remains unclear whether patients are truly rendered disease free or if the disease has a waxing and waning pattern of exacerbation and subclinical quiescent disease \[[@C93]\].

There are also reports of whole-lung lavage being ineffective in children with disorders of surfactant production, with some SP-C mutations responding better than others. The protein content of lavage fluid in these conditions is lower than in other types of PAP, indicating that respiratory compromise in this group is not solely attributable to alveolar filling \[[@C3]\] and therefore other strategies such as lung transplantation might be required.

Granulocyte--macrophage colony-stimulating factor {#s12b}
-------------------------------------------------

Amelioration of autoimmune PAP by subcutaneous administration of GM-CSF to replace that affected by autoantibodies was first demonstrated in 1996 \[[@C94]\] and subsequently, nebulisation of GM-CSF was shown to have similar efficacy with fewer adverse events \[[@C95], [@C96]\]. Although rare, there are case reports of autoimmune PAP in the paediatric population treated successfully with whole-lung lavage followed by nebulised GM-CSF \[[@C97]\]; results of an ongoing, international, double-blind, randomised, placebo-controlled trial of recombinant inhaled GM-CSF in adult patients (molgramostim) are therefore eagerly awaited. Empirical nebulised GM-CSF has historically been used in children even where autoantibodies were not detected\[[@C87]\]; development of the STAT5 phosphorylation index assay, which detects downstream activation of GM-CSF receptor \[[@C27]\], makes it possible to monitor any response to treatment and allows discontinuation of nebulised GM-CSF in nonresponders.

Other therapies for autoimmune PAP {#s12c}
----------------------------------

Other approaches to autoimmune PAP have been to target autoantibodies themselves. In one case report, plasmapheresis performed sequentially over a period of 10 months significantly lowered autoantibody concentration but without symptomatic improvement \[[@C97]\], whilst in another, there was significant benefit after just two plasma exchanges \[[@C98]\]. A third study reported that combining plasmapheresis over five consecutive days with rituximab resulted in less requirement for whole-lung lavage, and improvement in dyspnoea and diffusing capacity for carbon monoxide \[[@C99]\]. However, in a study of 13 adult patients receiving rituximab alone, no improvement in any subjective or objective endpoints was demonstrated \[[@C100]\]. Also mediating against immunomodulation in autoimmune PAP is the finding that corticosteroids worsen respiratory symptoms, with an increased incidence of infection \[[@C101]\]. At present, none of these strategies are considered viable treatment options in children.

Emerging medical therapies: cholesterol metabolism {#s12d}
--------------------------------------------------

A recent case report of a 58-year-old female with autoimmune PAP confirmed by the presence of GM-CSF antibodies and abnormal STAT5 phosphorylation index assay highlighted the potential for statins as a novel therapy for PAP \[[@C102]\]; her symptoms were refractory to treatment with nebulised GM-CSF and multiple whole-lung lavages but improved unexpectedly after treatment for coincident hypercholesterolaemia with complete resolution of HRCT changes over a 42-month period. In a validated animal model of PAP (*CSF2RB*^−/−^ mice), it was demonstrated that statins reduced both BAL turbidity and cholesterol in alveolar macrophages (with increased cholesterol efflux from the macrophage) with a resultant improvement in symptoms \[[@C102]\]. Together, these findings suggest medications targeting cholesterol homeostasis might be beneficial for all types of PAP; we have recently commenced a child with refractory PAP due to a novel homozygous *CSF2RB* mutation on simvastatin and long-term follow-up is ongoing.

Studying novel treatment options using cell and animal models of PAP {#s12e}
--------------------------------------------------------------------

As with most chILD, rarity means that large randomised controlled trials will likely never be performed, and so we must have recourse to animal and cellular models of disease. Human pluripotent stem cells were created from two children with PAP due to R217X mutations in the GM-CSF receptor α-chain and differentiated into macrophages. Stem cells undergoing the same process from three normal people were used as comparators. The PAP macrophages had reduced GM-CSF receptor expression and specific GM-CSF-dependent gene expression, which was reversed by *in vitro* lentiviral mediated gene correction \[[@C103], [@C104]\]. Another valuable model is a murine *CSFRB*^−/−^, which recapitulates the features of human PAP and was used to demonstrate the long-term efficacy of a single intrapulmonary transplantation of differentiated, lineage-negative, bone marrow cells from wild-type mice \[[@C105]\]. These sorts of model systems will undoubtedly be used more extensively to test novel treatments in the future. Gene therapy is also postulated as a treatment for autoimmune PAP; in both a murine model and *ex vivo* air--liquid interface cultures, transduction using a lentiviral vector carrying GM-CSF cDNA led to reduced BAL turbidity and long-term increases in GM-CSF \[[@C106]\]. Another study demonstrated that instillation of either wild-type or *CSF2RB*^−/−^ gene-corrected, bone marrow-derived macrophages directly into the murine lung corrected lung disease, with persistence of the functioning macrophages in BAL for ≥12 months after a single administration\[[@C107]\]. As there is no requirement for myeloablation and treatment could be delivered locally *via* a bronchoscope, this approach is perhaps the most attractive emerging strategy for children with hereditary PAP.

Transplantation {#s12f}
---------------

Lung transplantation has been undertaken in adult patients with hereditary PAP but recurrence has been reported, with replacement of donor alveolar macrophages with recipient macrophages \[[@C108]\], suggesting that renewal of alveolar macrophages involves precursor cells derived from the bone marrow. Thus, for PAP due to GM-CSF receptor mutations, bone marrow transplantation is an emerging option with bone marrow reconstitution from a healthy donor giving rise to healthy alveolar macrophages that express GM-CSF receptor, thereby restoring surfactant metabolism. Originally demonstrated in the *CSF2RB*^−/−^ murine model \[[@C109]\], this has recently been successful in a child, although there were complications including severe graft *versus* host disease (GVHD) and obliterative bronchiolitis \[[@C88]\], which indicate it is not an approach to be undertaken lightly. An alternative is haematopoietic stem cell transfer, which requires myeloablation but obviates the need for post-transplant immunosuppression and avoids GVHD \[[@C110]\].

Other considerations {#s12g}
--------------------

Whether infection precedes PAP or PAP predisposes to infection remains unclear; prophylactic use of antibiotics such as azithromycin should be considered as even common respiratory infections may worsen symptoms in children with PAP. Other therapies used in chILD, such as hydroxychloroquine and methotrexate, are not thought to be efficacious. Unexpected clinical improvement has been demonstrated in a neonate with congenital PAP of unknown aetiology who was administered intravenous immunoglobulin (IVIG) for infection prophylaxis \[[@C111]\], raising the possibility that IVIG be considered if conventional therapy is ineffective, or of course if immunodeficiency is the underlying cause of PAP. Another paediatric case reports successful use of antiviral therapy in conjunction with whole-lung lavage in a child with PAP secondary to Epstein--Barr virus infection \[[@C112]\]. If despite whole-lung lavage, there is a residual oxygen requirement, nocturnal noninvasive ventilation may be indicated. Finally, although not reported in the paediatric literature, PAP induced by allergens is relatively common in adults \[[@C10]\] so possible exposures should be considered and minimised if thought to be contributory.

Conclusions {#s13}
===========

The syndrome PAP can be caused by numerous pulmonary and systemic, congenital and acquired diseases. It is important to have a high index of suspicion and pursue the underlying diagnosis aggressively, because there are very specific treatments for an increasing number of these patients. A systematic approach to elucidating the underlying diagnosis is essential. In the future, novel therapies are likely to be studied in the validated murine models.

Self-assessment questions
-------------------------

1.  Which of the following statements about the SP genes is true? SP-B and SP-C, but not SP-A and SP-D, are surface active and prevent lung collapse.Mutations in all four SP genes are causes of chILD.There are occasional reports of prolonged survival in babies homozygous for the SP-B 121Ins2 mutation.PAP due to SP-C and *ABCA3* mutation is dominantly inherited.*TTF1* is the largest SP gene causing PAP.

2.  Neonatal presentation with severe respiratory distress is very common in which gene mutations? SP-CABCA3GM-CSF receptorCOPASLC7A7

3.  PAP is [not]{.ul} with systemic features in which genetic abnormality? *STING* mutation*TTF1* mutation*CSF2RA* mutationNPDSP-B mutation

4.  Which of the following causes of PAP are more common in children than adults\> Macrophage blockadeAutoimmune PAP*TERT* mutations*SCL34A2* mutationsHyper-IgM syndrome

5.  Which statements are [false]{.ul} in whole-lung lavage performed for PAP? It is not helpful in PAP complicating haematological malignancies.It may need repeating in *CSF2RA* mutations but such patients may remit spontaneously.It can be combined with inhaled GM-CSF therapy in autoimmune PAP.It is most conveniently performed on extracorporeal membrane oxygenation (ECMO) in pre-school children.No more than 4 L lavage can be used for whole-lung lavage at any one anaesthetic.

6.  Which of the following statements are true with regards to the pathophysiology of PAP? A positive PAS stain is specific and pathognomonic for PAP.The mucociliary escalator plays a significant role in surfactant clearance.Heterozygous mutations in *CSF2RB* are a cause of hereditary PAP.GM-CSF mediates macrophage maturation by binding to the GM-CSF receptor and thereby facilitates surfactant degradation.Toxins and dust exposure are a common cause of secondary PAP inchildren.

Suggested answers
-----------------

1.  a\. SP-D is not a cause of chILD; long-term survival is not reported in 121Ins2 but in milder mutations; SP-C is an autosomal dominant and *ABCA3* recessive; *TTF1* is the smallest gene and *ABCA3* the largest.

2.  a and b. SP-C and *ABCA3* gene mutations are well described as presenting in the newborn period (although both can present at any age) but typically the other gene mutations present outside the newborn period, in infancy or later.

3.  e\. SP-B. PAP in *STING* mutation and NPD is part of the systemic disease; *TTF1* may be associated with brain and thyroid disease; extrapulmonary disease has been described in association with *CSF2RA* if it is part of a chromosomal deletion.

4.  e\. All the other causes are commoner in adults (b) or not described in children (a, c and d).

5.  d and e. Although whole-lung lavage can be performed on ECMO, this is a much more major procedure than performing it bronchoscopically; up to 40 L saline can be used in teenagers undergoing whole-lung lavage.

6.  d\. A positive PAS stain of transbronchial biopsies or BAL is a hallmark of PAP but is not specific to this alone, and can also be seen in other conditions, for example in liver biopsies of patients with glycogen storage diseases. Mucociliary clearance does not have a major role in surfactant clearance; the main mechanism is *via* alveolar macrophages. Only homozygous mutations in *CSF2RB* have been described as a cause of hereditary PAP. GM-CSF is needed to mediate maturation of alveolar macrophages, which can then degrade surfactant; when this does not happen, if there are autoantibodies or GM-CSF receptor mutations, for example, surfactant accumulation occurs. Toxin and dust exposure is a relatively common cause of secondary PAP in adults but is rarely described in children.

Key points
----------

-   PAP is a description not a diagnosis, and should prompt detailed evaluation to determine the underlying cause.

-   The spectrum of causes of PAP is very different in childhood compared with adults; causes include multiple different genetic syndromes, underlying immunodeficiency and haematological malignancy, and rheumatological syndromes.

-   Precise delineation of the underlying diagnosis is essential in planning treatment and for genetic counselling of the family.
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